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Abstract. Space-based observation of gravitational waves promises to
enable the study of a rich variety of high energy astrophysical sources
in the 0.0001 to 1 Hz band using signals complementary to traditional
electromagnetic waves. Gravitational waves represent the first new tool
for studying the sky since gamma ray telescopes debuted in the
1970s, and we expect compelling science to be the result. The fundamen-
tal measurement is to monitor the path length difference between pairs of
freely falling test masses with laser interferometry to a precision of picom-
eters over gigameter baselines. The test masses are arranged in an equi-
lateral triangle to allow simultaneous measurement of both gravitational
wave polarizations. The heliocentric orbital space environment enables
the test masses to be shielded from large ground motions at low frequen-
cies, and allows the construction of long measurement baselines that are
well matched to the signal wavelengths. Optical telescopes play an impor-
tant role in the measurement because they deliver laser light efficiently
from one spacecraft to another. The telescopes are directly in the meas-
urement path, so there are additional performance requirements to sup-
port precision metrology beyond the usual requirements for good image
formation. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.OE.52.9.091811]
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1 Introduction
The low frequency band (0.0001 to 1 Hz) of the gravitational
wave spectrum has a rich collection of astrophysical sources.
The laser interferometer space antenna (LISA)1,2 has been
the reference mission to cover this science for over 20 years.
Although recently severe budget constraints have forced both
the National Aeronautics and Space Administration (NASA)
and the European Space Agency (ESA) to reformulate this
joint mission concept at a lower cost point, the proposed mis-
sions still retain most of the LISA-like features and differ
mainly in scale size and duration.3,4 The five basic LISA-
like features are (1) drag free test masses, (2) continuous
laser ranging with frequency-stabilized lasers, (3) heliocen-
tric spacecraft orbits, (4) million-kilometer separation base-
lines between spacecraft, and (5) time-delay interferometry
for post-processing signal extraction. We call the class of
such mission concepts space-based gravitational wave
observatories (SGOs).

Space-based missions complement ground-based observa-
tories such as LIGO, with its partners and collaborators,5 and
pulsar timing arrays.6

Although the situation is far from clear, it appears that the
best near-term option for a space-based mission is the ESA
Cosmic Visions Program call for an L2 mission.7 ESA is cur-
rently leading a technology demonstration mission, LISA
Pathfinder,8 to demonstrate the drag-free technology that iso-
lates the proof masses. Successful completion of the mission,
currently scheduled to launch in 2015, will put gravitational
wave science in a competitive position for L2. A consortium
of European universities and national laboratories supported
by their ESA member state national space agencies is

developing a proposal for the L2 opportunity, eLISA
(evolved LISA), based on the proposal submitted for the
L1 call.9 (The JUpiter ICy moon Explorer mission was ulti-
mately selected for L1.) The immediate goal of telescope
technology development in the US is to demonstrate a design
that meets the requirements of the European-led mission by
the middle of the decade for consideration as a possible US
contribution to the mission. If eLISA is not selected, the
work could be applied to a NASA-led mission in the next
decade with only minor changes.

The motivation for this paper is to describe the perfor-
mance needed from an optical telescope to enable the meas-
urement of gravitational waves in space. Section 2 describes
the requirements, including a discussion of both conven-
tional specifications and two key special challenges of pre-
cision metrology. Section 3 discusses the design of the
telescope, including optical, mechanical, materials, and sys-
tems issues. Section 4 describes some of the progress so far
on demonstrating the two key challenges. Section 5 looks at
the path forward, and the final section is a conclusion.

1.1 Science

Gravitational waves are generated by accelerating masses
just as electromagnetic waves are generated by accelerating
charges. The lowest order radiator is a time-changing quad-
rupole rather than a dipole as in electromagnetism.10 The
simplest time-changing quadrupole moment is a pair of
masses in orbit around each another, and such sources are
ubiquitous in the Universe.

The four basic sources of gravitational waves and the
resulting science are summarized in Table 1 and discussed
in more detail in the literature.2,3,11–14 Every time a new0091-3286/2013/$25.00 © 2013 SPIE
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kind of telescope has been developed, the discovery space
has proven far more interesting than the formal science case.

1.2 Measurement System and the Role of the
Telescope

The basic measurement concept for any SGO is a strain in
spacetime ΔL∕L ∼ 10−21∕

p
Hz. The strain measurement is

made by making an interferometric measurement of the
change in separation between proof masses over a long base-
line. In practice this means measuring differential separations
of order 10−12 m∕

p
Hz over baselines of order 1 million km.

The SGO is in the same basic orbit as the earth, with three
spacecraft in independent Keplerian orbits forming a triangle
in a plane inclined at 60 deg to the ecliptic. Independent
orbits mean no formation flying or station-keeping is
required to keep the triangular formation. The formation
rotates about its center once per year, sweeping the antenna
pattern across the sky. Figure 1 shows the orbit and the ori-
entation of a typical constellation.

The telescope must deliver optical power efficiently to the
detector on a far spacecraft, and it must maintain dimensional
path length stability through the telescope to a level consis-
tent with the displacement sensitivity noise budget. The tele-
scope design must also minimize any coupling of pointing
jitter to apparent displacement. Figure 2 shows a simplified
diagram of the distance measurement between proof masses
showing a pair of telescopes directly in the measurement
path. Each telescope transmits a power of 1 W to the far
spacecraft and simultaneously receives approximately
100 pW. A more detailed description of the instrumentation
may be found in Ref. 15.

2 Requirements
The requirements for a telescope are taken from the proposal
submitted to the ESA Cosmic Visions Program L1 program.
This proposal is expected to be the model for the proposal to
the L2 call, regarded as the most likely near-term opportunity

Table 1 Summary of main expected sources of gravitational waves and the resulting science.

Source Description Science

Massive black hole
mergers (MBHM)

Follow million-solar-mass BHs as
they spiral together and merge

Formation of large scale structure
in the Universe

Extreme mass ratio
inspirals (EMRI)

Follow solar-mass BHs as they
spiral into a supermassive BH

Map the gravitational field of a black hole:
precision test of GR

Ultra-compact galactic binaries Half of visible stars in the galaxy are in
binary systems

Stellar evolution, supernova type Ia
progenitors

Unknown: cosmic strings?
Cosmological background?

Discovery space: sources we cannot
anticipate

New discoveries—probably the most
exciting science

Fig. 1 Orbit and orientation of a typical SGO constellation. The plane
of the triangle is tilted at 60 deg with respect to the ecliptic, and the
triangle rotates about its center once per year as it orbits the Sun.
Each spacecraft is in an independent Keplerian orbit, so no sta-
tion-keeping is required.

Fig. 2 Simplified diagram of the separation measurement between pairs of proof masses in different spacecraft to illustrate the role of the tele-
scopes. The total distance measurement is made in three parts to simplify testing. Two parts are the measured distance from each proof mass to
the nearby optical bench, a distance of ∼20 cm. The third part is the distance from the optical bench in one spacecraft to the bench in the other, a
distance of ∼106 km. Two telescopes are directly in series with this measurement.
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for a space-based gravitational wave mission. These require-
ments are summarized in Tables 2 and 3 and unless specifi-
cally referenced otherwise, are derived from Ref. 3. The
main differences from the reference LISA mission are the
diameter of the entrance pupil (400 mm for LISA) and
the science field of view (�10 μrad for LISA). These
differences are due to the smaller baselines and slightly dif-
ferent orbits of the eLISA mission and do not represent a
relaxation of any basic performance specification.
Requirements 6 and 10 are unusual, challenging, and specific
to the precision metrology application. They are discussed in
more detail below.

Table 3 shows the optical interface specifications for the
telescope. Six identical telescopes are required for flight,
plus a spare, and two or three for ground testing, for a likely
total of about 10. The ideal design must be robust enough for
small-scale manufacturing at this level.

2.1 Conventional Specifications

Most of the specifications for the telescope are similar to
specifications for any imaging telescope, although the under-
lying driving requirement may be different. For example, we
require λ∕20 rms wavefront error of the entire system to

Table 2 Key requirements for a space-based precision metrology telescope. Requirements 6 and 10 are the most challenging.

Parameter Requirement driver eLISA requirement

1 Wavelength 1064 nm

2 Wavefront quality over science field
of view

Pointing ≤ λ∕30 rms

3 Field-of-regard (spatial acquisition) Acquisition time �200 mrad

4 Field-of-view (science) Orbits �7 mrad out-of-planea �4.2 mrad in-plane

5 Boresight accuracy FOV, pointing �1 mrad

6 Telescope subsystem optical path
length stability

Path length noise/pointing ≤ 1 pm∕
ffiffiffiffiffiffi
Hz

p
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð0.003f Þ4

q
where 0.0001 < f < 1 Hz

1 pm ¼ 10−12 m

7 Afocal magnification Short arm interferometer 200∕5 ¼ 40xð�0.4Þ

8 Mechanical length from primary
mirror vertex

Spacecraft size ≤ 350 mm

9 Optical throughput Shot noise >0.85

10 Scattered light Displacement noise budget <10−10 of transmitted power

aOut-of-plane or in-plane refers to the plane defined by the equilateral triangle of the SGO constellation. Spatial acquisition field of regard is the
angular field over which the telescope must be able to receive a beacon signal for acquiring initial pointing. Full compliance with specifications is
required only over the science FOV.

Table 3 Optical Interface specifications for the telescope.

Parameter Derived from eLISA/NGO

Interfaces: received beam (entrance pupil)

11 Stop diameter (D) (entrance pupil) Noise/pointing 200 mm (�2 mm)

12 Stop location (entrance pupil) Pointing Entrance of beam tube or primary
mirror

Interfaces: telescope exit pupil

13 Exit pupil location from primary vertex Pointing 150� 20 mm (on axis) behind primary
mirror16

14 Exit pupil diameter Optical bench 5 mm (�0.05 mm)

15 Exit pupil distortion SNR <10%

16 Exit pupil chief ray angle error �50 μrad
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maintain efficient power delivery on axis to the far space-
craft, which is proportional to the Strehl ratio of the telescope
squared (one transmitting, one receiving). Of this system-
level budget, λ∕30 is allocated to the telescope, and the
rest reserved for the optical bench and the laser source.
Loss of power from the laser source through the telescope
is specified separately by the throughput, which includes
obscurations, but not the beam overlap contrast on the detec-
tor. The science field of view is the angular range over which
full specifications must be maintained. Variation in the line-
of-sight pointing is due to normal orbital motion and is out-
side the measurement band. The acquisition field of regard is
a larger angular range chosen in combination with the uncer-
tainty cone for attitude knowledge of the spacecraft to limit
the time needed for acquiring closed loop pointing between
pairs of telescopes.17 The telescope need not meet the most
challenging specifications over the field of regard.

2.2 Special Challenges

Two of the specifications present special challenges and will
be described separately here.

2.2.1 Dimensional stability

The most unusual requirement for the telescope is the optical
path length stability (Table 2 requirement 6). Optical path
length is the net total path length through the telescope as
experienced by either the transmitted or received beam
from input pupil to exit pupil and can be defined as the accu-
mulated phase divided by the wave number (2π∕λ), where λ
is the design wavelength, 1064 nm. The path length stability
is important over times compatible with the measurement
bandwidth of 0.1 to 0.0001 Hz, or 10 to 10,000 s. The abso-
lute value is less important in part because we plan to include
a focus adjustment as part of the design.

The requirement is specified as the amplitude power spec-
tral density of path length variations through the telescope
that can be tolerated in the overall noise budget for the inter-
ferometer metrology system.

Although the path length stability requirement is straight-
forward to test in principle, it requires careful experimental
technique. Section 4.1 discusses the challenges and progress
in more detail.

2.2.2 Stray light

The stray light requirement is a consequence of two main
contributing factors. First, there is simultaneous transmit
and receive through the same telescope. For a communica-
tions system this is called “full duplex” operation. In this
context, it means that a high power (∼1 W) continuous
(CW) transmit beam is coming from the optical bench out
of the large telescope aperture at the same time that a low
power signal (∼100 pW continuous, or one part in 10−10

of the transmitted signal) is being received from the far
spacecraft.

Second, the received signal is detected coherently. That
means the science signal is extracted by mixing the incoming
signal with a local oscillator laser and square-law detecting
the term cross-product term. This is a very sensitive detection
scheme because it allows a small incoming signal to create an
interference signal with a much higher power local reference

laser beam, but it also means that the detector is very sensi-
tive to stray light.

Stray light may be represented as a single electric field
vector at the detector that represents the (vector) sum of
all the stray light from the optical system, including reflec-
tions from the transmitted beam, the optical bench, and any-
thing else (see Fig. 3). In general, the electric field may take
several reflections to make it to the detector, so the amplitude
of the field is small with respect to the electric field strength
of the local oscillator laser, but the phase relationship is
unknown and may be changing as the reflecting surfaces
move. The power on the photo-receiver, which represents
the square of the total electric field incident on the detector,
contains a cross-term that has the product of the electric
fields of the local oscillator laser Elo and the stray light e
and the cosine of the angle between the two fields δθ:

Pdet ¼ j~Elo þ ~Etotalj2 ¼ E2
lo þE2

total þ 2~Elo · ~Etotal

¼ Plo þPtotal þ 2~Elo · ð~Eþ ~eÞ
¼ Plo þPrec þ 2EloE cosðφrecÞ þ 2Eloe cosðδθÞ:

(1)

The phase relationship between the stray light and the
local oscillator is determined by the path length of the
stray light as it travels to the detector. If the path length is
stable, then the angle δθ is fixed, and the stray light contri-
bution is simply a background level. More generally, the
phase angle will change and the stray light contributes a
time-varying signal that appears as an unwanted modulation
in addition to the desired signal φrec. The ratio of the cross-
product terms is the ratio of unwanted scattered light modu-
lation to signal, and is given by the ratio of the field strengths
e∕E multiplied by the ratio of the cosines of the variation in
phase angles. Although the general expression can be quite
complicated, it should be clear why there is a tight require-
ment on both path length stability and the fraction of the
transmitter power that can be scattered.

2.3 Manufacturability

The instrument design to detect gravitational waves requires
six flight telescopes that are nominally identical. For most
imaging telescopes, even a very challenging design can be
made to work by tweaking during ground testing because
only one copy is constructed. With multiple copies, it is
essential to be able to routinely construct the telescopes to
meet the required tolerances and specifications, in order to
minimize schedule risk and to incur only recurring engineer-
ing costs.

Fig. 3 The total electric field on the detector is the vector sum of the
received signal and any scattered light. Scattered light on the detector
may have an unknown and changing phase relationship with the sig-
nal, resulting in an undesirable modulation of the total electric field.
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3 Design
The telescope design for the LISA baseline mission may be
adequately satisfied by a near diffraction-limited classical
Cassegrain-style optimized three-mirror anastigmat sys-
tem—either on-axis or off-axis. A Cassegrain-style design
is easy to manufacture and has good off-axis performance.
However, the gravitational wave application is for a precision
length measurement system, not an imaging system, so the
motivations for some of the requirements are slightly differ-
ent and may lead to different design choices.

3.1 Trade-Off/Issues

An off-axis design would normally be the preferred choice to
meet the scattered light specification because the lack of a
central obstruction increases the optical efficiency and
reduces stray light effects. However, a preliminary tolerance
analysis indicates that the straightforward optical design
(next section) is very difficult to build in a normal optical
shop. This is a problem because we need six flight units
and several for ground testing—approximately 10 telescopes
total. A robust design is necessary to be sure that the fabri-
cation of the telescopes is not an undue schedule risk, and
also to allow the telescopes to be interchangeable.

In addition, the expected thermal environment has both an
axial and a transverse temperature gradient, so environmental
effects would naturally tend to create off-axis aberrations. An
on-axis design generally has better resistance to these envi-
ronmental effects, but the on-axis spot in the center of the
secondary mirror causes unacceptably high levels of scat-
tered light. Therefore, the best design choice is not clear
and requires further work. Table 4 summarizes the various
design considerations. If it can be shown that the on-axis
design can meet the scattered light requirements, or that
an off-axis design is robust and can be readily fabricated,
then the choice may become clear. A study is currently in
progress to resolve these issues.

3.2 Optical Design

The basic optical design for the telescope is an optimized
Cassegrain-style afocal three-element anastigmat. Figure 4(a)
shows a ray tracing of a nominal 20-cm aperture on-axis
Cassegrain design suitable for the proposed eLISA mission.
The right-hand image [Fig. 4(b)] shows an off-axis
Cassegrain design with the same optical prescription as in
the left-hand image. The pair of mirrors on the right-hand
side of both designs functions as a collimating lens and is
mounted rigidly on a translation stage to allow adjustment
of the focus. This degree of freedom will allow at least partial
compensation for any shifts in the telescope alignment that
occur in the process of moving from a room temperature

ground environment to a zero-g space environment at the
operating temperature. No transmissive elements are used
to avoid the temperature dependence of the index of refrac-
tion. The optical bench may have some transmissive ele-
ments, so the goal is to keep the path length stability
budget as low as possible for the telescope to reserve margin
for the rest of the optics. The variation of optical path length
with field angle (or solid-body rotation) is higher with an on-
axis design than with an off-axis design, but in general these
variations should occur slowly and be outside the measure-
ment band. If necessary, they may be calibrated out.

3.3 Wavefront Error

The main requirements are that power is delivered efficiently
on axis in the far field, and that the path length remains sta-
ble. An rms wavefront error allocation of λ∕30 will meet
these requirements. The optical efficiency specification
includes obscuration losses, but does not include the beam
overlap visibility. See Secs. 2.1 and 3.5 for more discussion.

3.4 Stray Light

The stray light specification is challenging and will require
measurements to be sure we understand all the contributions.
We believe that an off-axis design will have better perfor-
mance, but the key question is whether an on-axis design
can be made to work well enough. The design study cur-
rently under way is examining a number of strategies for
reducing light reflected on axis from the secondary mirror
including anti-reflection or absorbing coatings, petaled masks
similar to those designed for coronagraphs, or even a hole.

3.5 Risks

The main technical risk identified today beyond stray light
and dimensional stability is contamination. The stray light
performance is driven by contamination of the telescope
optics rather than surface roughness, so it will be important
to keep the optics clean during the testing of the telescopes,
and then the integration and test phase with the spacecraft, a
task which may take up to 2 years. A further risk is that the
telescope may well be one of the coldest surfaces in the
spacecraft, so some care must be taken to make sure that
the optics do not function as a getter and actually pump

Table 4 Summary of the main design trade-offs between and on-axis
and an off-axis telescope.

Design

WFE with
temperature
gradient

Scattered
light

Manufacturability
(need 10)

On-axis þ − þ

Off-axis − þ −

Fig. 4 (a) On-axis telescope design based on a 3-mirror anastigmat.
The pair of mirrors to the right of the primary mirror function as a col-
limating lens implemented with reflecting surfaces. The exit pupil is
located on the right-hand side 150 mm behind the primary mirror ver-
tex per requirement 15, Table 3 for the interface with the optical
bench. (b) Off-axis version with the same nominal optical prescription.
The exit pupil meets the same requirement as for the on-axis design
but displaced vertically. The vertical displacement will be accommo-
dated by changing the optical bench design.
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contaminants. Verification of the telescope dimensional sta-
bility is a potential risk since it is a challenging measurement.

3.6 Mechanical

There are several mechanical challenges. We need to keep
the envelope of the entire package small so as not to
drive the size of the spacecraft. We also need to mount
the optical bench rigidly to the telescope but allow a temper-
ature gradient so as to keep the optical bench near room tem-
perature but allow the telescope to sit at ∼ − 70°C (see
discussion in Sec. 3.4). This requires a stiff mounting struc-
ture that also acts as a thermal insulator.

We have identified a candidate compact actuator for the
focus mechanism based on a commercially available piezo-
electric translation stage that clamps when not in motion.
Adjustment of the focus is expected to be a set-and-forget
operation that occurs during initial commissioning and
then again during regularly scheduled engineering mainte-
nance operations once or twice per year only if necessary.
A sensitivity analysis of the telescope optical design indi-
cates that the effect of the focus mechanism on the dimen-
sional stability is at least one order of magnitude below the
required stability of the telescope.

3.7 Materials

One of the keys to maintain optical path length stability is the
proper choice of materials. The thermal environment of the
spacecraft is extremely stable. The solar array sees a constant
illumination that walks around the normal to the array once
per year at an angle of 30 deg. Modeling predicts that
the thermal fluctuations at the optical bench will be
∼10−6 K∕

p
Hz level in the measurement band with appro-

priate passive thermal isolation.
Although the fluctuations in the temperature are

extremely low, there are large static thermal gradients both
along the axis of the telescope and transverse to it. The axial
gradient occurs because the secondary mirror is looking at
(cold) space, and the primary mirror is located near the opti-
cal bench, which must be held near room temperature to take
advantage of the low coefficient of thermal expansion of
Zerodur. The transverse gradient arises naturally because
the solar array faces the sun and the bottom deck of the
spacecraft faces space. There may also be a concentration
of electronics located between the two telescopes on a space-
craft. These static thermal gradients complicate the design of
the telescope for optical path length stability. The standard
athermal design methodology where a structure is made to
maintain image quality as the temperature varies over some
specified range usually assumes that the structure is all at or
near the same temperature. We can approximate that
assumption by choosing a material with a very high thermal
conductivity to “short out” the gradient. For a composite
material, thermal modeling predicts axial temperature gra-
dients on the order of 70 K, with a ∼10 K transverse gra-
dient. For silicon carbide, the models predict gradients of
about 1.5 K axial and <1 K transverse (Fig. 5). The trans-
verse gradient, if not properly planned for in the design,
has the potential to distort the structure and introduce off-
axis aberrations that cannot be corrected with focus.
Furthermore, an athermal telescope maintains image quality
but does not necessarily keep the optical path length

constant. The telescope design must do both to meet the
requirements for this application.

Single crystal silicon is a candidate material because it has
thermal and mechanical properties similar to SiC at room
temperature that improve for this application at lower tem-
peratures. It is also possible to make very good and light-
weight mirrors from a single crystal silicon.

Composite materials have been widely studied because it
is possible to tailor their properties through the choice of
materials and construction methods, but some initial studies
of optical path length stability have shown that water absorp-
tion in composite materials can lead to continuous long-term
“creep” or dimensional changes in the material that can affect
our ability to perform a measurement.18,19 This is a concern
but does not rule out the material yet. The use of composites
may introduce some schedule risk and/or additional cost if
the materials must be kept bagged and purged when not in
use, and if additional time must be allowed for them to out-
gas under vacuum before performance testing.

3.8 System

There are a number of system level design considerations.
First, it is important to keep the telescope afocal so that
the interface between the optical bench and the telescope
is a collimated beam. This relaxes the tolerance on the dis-
tance between the bench and the telescope. It is also impor-
tant to have a real exit pupil that can be relayed to the main
science detector so that there is a minimum beam walk
caused by the known angular pointing jitter.

As the spacecraft orbits the Sun, the geometry of the tri-
angular constellation changes, and in particular, the line-of-
sight pointing of the telescopes can change by as much as
�0.6 deg. For the baseline reference LISA mission, the
entire optical assembly consisting of a telescope, and optical
bench, and the proof mass assembly were pivoted with
respect to the spacecraft to maintain the pointing. If the angu-
lar variation can be reduced, either by a different choice of
orbit or by applying a periodic correction to the orbits to
maintain the angles to �0.1 deg, it is possible to consider
replacing the motion of the entire telescope by a mirror
that rotates as a part of the telescope design. The rotating
mirror must produce an angle change with minimum piston,
so it is a challenging design. If it can be implemented, it will
enable a simplified design for the optical assembly, eliminate

Fig. 5 Modeled temperature distribution of the telescope metering
structure of silicon carbide. A composite material structure model
showed axial gradients of ∼70°C and transverse gradients of 10°C.
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an articulation mechanism and possibly a launch lock, and
allow us to eliminate a potentially risky optical fiber link20

between the optical benches on the different arms of the same
spacecraft. This moveable mirror option is referred to as “in-
field guiding” and is currently under study.

4 Progress/Measurements

4.1 Dimensional Stability

As part of the development work on the telescope, we con-
structed a prototype on-axis metering structure to maintain
the primary to secondary mirror distance out of silicon car-
bide. We chose silicon carbide to avoid the outgassing prob-
lems with carbon fiber reinforced plastic composites,18 and
to avoid temperature gradients expected under the antici-
pated operating environments. Figure 6 shows a photograph
of the structure. It has four legs so that the shadow of the
structure has four symmetric elements that match the sym-
metry of the main quadcell detector. A four-legged structure
is mechanically over-constrained, so future designs may sup-
port the secondary mirror differently (e.g., off-axis).

Figure 7 shows the results of measurements with the
prototype silicon carbide structure showing that it is possible,
at least in principle, to make a metering structure with the
required stability.21 The red curve shows that the metering
structure closely follows the temperature fluctuations at
frequencies below ∼4 mHz. On-orbit the temperature fluctu-
ations are expected to be roughly 100 times lower than in the
test chamber, so the structure should meet the requirement.
The challenge is to build a complete telescope, both the
structure and the optics, with the required stability. Silicon
carbide should work, and single-crystal silicon looks like
a good candidate. Our experience with composites has not
been as good.18,19 Other groups have made measurements

with composites with different results,,22,23 but no one has
succeeded in meeting all the requirements simultaneously
with a realistic design yet.

4.2 Stray Light

A stray light analysis has been started using the commercial
nonsequential ray-tracing package FRED.24 The analysis has
focused on developing a model of the on-axis eLISA tele-
scope, including obstructions, based on the optical prescrip-
tion and a mechanical model, plus some simplified
assumptions for surface roughness and cleanliness for materi-
als and coatings. We used a preliminary design for the eLISA
optical bench courtesy of the University of Glasgow16 to
define approximate locations for the detectors and field
stops. The preliminary results show a scattered light power
of 6 × 10−11 W (60 pW) on the detector for 1 W transmitted
to the sky, and we expect a further reduction if polarization is
taken into account. This level of stray light is below the
expected 100 pW received signal from the far spacecraft,
so it is approaching the right order of magnitude, but the sim-
ulation does not yet include all the expected contributions.

The initial stray light assessment for the telescope design
suggests that the performance of a telescope will be limited
by surface contamination rather than surface roughness, as
discussed earlier in the section on risks. It is expected the
stray light performance of an off-axis design will be better
than that of an on-axis telescope with the secondary mirror
reflection suppressed simply because rays traced through the
off-axis system tend to be reflected from surfaces with larger
angles and hence lower stray light. However, it will be
important to verify these expectations experimentally to
be sure that it is possible to achieve the low levels in practice.
Calculations and preliminary measurements25,26 have shown
that special apodized masks similar to those used for planet
finding interferometers can be used to suppress reflections to
roughly the required levels.

Fig. 6 Prototype silicon carbide metering structure constructed to
test dimensional stability. Two small (1 in. dia) high reflectivity mirrors
were attached to both the top and bottom plate to form a Fabry–Perot
resonator for testing. Height is approximately 600 mm.

Fig. 7 Measured results of the dimensional stability of the structure in
Fig. 6 as inferred from the frequency fluctuations of a laser locked to
the Fabry–Perot resonator. The black-dotted line shows the require-
ment for the telescope. The lowest curve (magenta) shows the sta-
bility of the reference cavity. The red curve shows the telescope
spacer structure, which exceeds the requirement below about
0.01 Hz. The green curve shows the dimensional stability expected
from the measured thermal fluctuations, indicating that the perfor-
mance is limited by these fluctatuations. On orbit thermal fluctuations
are expected to be a factor of 100 lower.
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5 Path Forward
Many of the telescope requirements have been met with
proof-of-concept demonstrations or with subsystems such
as a metering structure or a mock-up of a secondary mirror.
The challenge going forward is to assemble a complete
prototype telescope that meets all the performance require-
ments. We are currently working with an industrial contrac-
tor to develop a design for a telescope that addresses the
scattered light requirement and the manufacturability issues
outlined in Table 4. We plan to choose a design approach
based on the results and then fabricate a prototype and verify
compliance with the requirements by testing. We also plan to
experimentally investigate options for suppressing stray light
as a check on the modeling results.

6 Conclusion
Telescopes for space-based precision measurement applica-
tions such as gravitational wave detection present some
unique challenges not usually found in telescopes designed
for more conventional imaging applications. These chal-
lenges are: high precision dimensional stability over meas-
urement times of up to 10,000 s, very low stray and scattered
light performance, and a robust design that can be easily and
quickly replicated.
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